
OPTICALLY PUMPED SMALL  CESIUM BEAM STANDARDS; 

Amy Derbyshi re ,  R .  E.  D r u l l i n g e r ,  M.  Fe  dman(a), D. 
D. A .  Howe, L .   L .  Lewis (bS ,  and J. H. 

Nat iona l   Bureau   of   S tandards  
T i m e  and  Frequency  Division 

Boulder,   Colorado  80303 

and 

A STATUS  REPORT* 

I .  Pascaru  and D. S t a n c i u l e s c u  
F requency   E lec t ron ic s   Inco rpora t ed  

M i t c h e l   F i e l d ,  NY 11553 

Abs t r ac t  

We r e p o r t  on our  p r o j e c t   t o   s t u d y   a n d   t o  
d e m o n s t r a t e   t h e   p o t e n t i a l   p e r f o r m a n c e   a c h i e v a b l e  
in   cesium beam f requency   s t anda rds   i n   wh ich   l a se r  
d r i v e n   o p t i c a l  pumping is u s e d   f o r   t h e   a t o m i c  
s t a t e  s e l e c t i o n   a n d   s t a t e   d e t e c t i o n   i n   p l a c e   o f  
t h e   c o n v e n t i o n a l   m a g n e t i c   s t a t e   s e l e c t i o n .  The 
beam tubes  used  have  been  der ived  f rom  commercial  
d e v i c e s .   I n   t h e   f i r s t   u n i t   t h e   o n l y   f u n c t i o n a l  
change  was a s imple   rep lacement  of s t a t e   s e l e c t i o n  
magne t s   w i th   op t i c s .   I n  a s e c o n d   u n i t ,   t h e  
magne t i c   sh i e lds   and   c - f i e ld   have   been   ex tended   t o  
i n c l u d e   t h e   r e g i o n s  of o p t i c a l  pumping. 

The s h o r t  Ramsey c a v i t i e s   r e s u l t e d   i n  
observed  resonances  which  are   1300 Hz wide  in 
agreement   wi th   theory   for   the   geometry   and  
d e t e c t i n g   t r a n s i t i o n   u s e d  . Both  devices   have 
demonst ra ted  o Y ( l )  S lo-'' T - ~  '2 a n d   a r e   n o t   y e t  
limited by beam s h o t   n o i s e .   S y s t e m a t i c   e r r o r s  
r e s u l t i n g   f r o m   r e s o n a n t l y   s c a t t e r e d   l i g h t   h a v e  
been shown t o  b e  less than  1 0-l2 and  one  of   these 
d e v i c e s   h a s   b e e n   o p e r a t e d   a s  a c l o c k   f o r  45 days.  

I n t r o d u c t i o n  

O p t i c a l  Pumping i n  Cesium 

J .  Glaze,  D. Hi l l ia rd ,  
S h i r l e y  

The p o s s i b i l i t y   o f   i m p r o v i n g  t h e  performance 
of a tomic  beam f r e q u e n c y   s t a n d a r d s   t h r o u g h   t h e   u s e  
of s t a t e   s e l e c t i o n  and   de t ec t ion  by o p t i c a l  means 
has   been a subject o f   i n v e s t i g a t i o n   f o r   s e v e r a l  
years. [ l - 3 1   I n   r e c e n t  times semiconductor   l aser  
d i o d e s   w h i c h   a r e   s u i t a b l e  for l a b o r a t o r y  
e x p e r i m e n t s   i n   o p t i c a l  pumping  have  become 
commerc ia l ly   ava i l ab le .   [41   These   l a se r s   ope ra t e  
w i t h   s u f f i c i e n t   o u t p u t  power i n  a n e a r l y   s i n g l e  
l o n g i t u d i n a l  mode, a n d   s u f f i c i e n t l y  small 
i n t e n s i t y  and   f requency   no ise   to   a l low some 
i n t e re s t ing   measu remen t s   o f   op t i ca l ly  pumped 
f r e q u e n c y   s t a n d a r d s .   I n   a d d i t i o n ,   s i n c e   t h e  
l a s e r s   c a n   p r o d u c e   l i g h t   a t  P52 nm, they  can be  
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u sed   w i th   t he  D2 t r a n s i t i o n   i n   a t o m i c  cesium. The 
small s i z e   a n d  low c o s t   o f   l a s e r   d i o d e s  may a l low 
t h e   p r o d u c t i o n  of commercial ces ium  s t anda rds  C51 
w i t h   i m p r o v e d   s t a b i l i t y   c h a r a c t e r i s t i c s   o v e r  
p r e s e n t   d e s i g n s ,  or t h e   c o n s t r u c t i o n  of' a 
l abora to ry   p r imary   f r equency   s t anda rd  C61 with 
g r e a t e r   a c c u r a c y   t h a n   t h a t   o f   e x i s t i n g   p r i m a r y  
ces ium  s tandards .  
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Figure  1 .  Ene rgy   l eve l   d i ag ram  fo r   ce s ium  op t i ca l  
pump i ng . 

The energy   leve l   d iagram of F igu re  1 shows 
t h e   r e l e v a n t   o p t i c a l   a n d  microwave t r a n s i t i o n s   f o r  
o p t i c a l  pumping in   ces ium.  A number of d i f f e r e n t  
pumping  schemes a r e   p o s s i b l e ,  which may p repa re  
cesium  atoms  in e i ther  t h e  2S1/2, F=3 or F=4 
hyper f ine   s t a t e s .   Fo r   example ,   t he   me thod   u sed  
most o f t en   i n   t he   measu remen t s   r epor t ed   he re   t uned  
a l a s e r  d iode  t o   t h e   ( 2 S 1 / 2 ,  F-4) '3 ('P / 2 ,  F'=4) 
t r a n s i t i o n   ( 8 5 7  nm) f r o m   t h e   g r o u n d   s t a z e   t o   t h e  
s e c o n d   e x c i t e d   s t a t e .  I n  t h i s   c a s e   t h e   e x c i t e d  
atoms  decay  back t o   b o t h   t h e  F.3 and F-4 ground 
s t a t e   l e v e l s  w i t h  r o u g h l y   e q u a l   p r o b a b i l i t y .  
C o n t i n u e d   e x p o s u r e   t o   t h e   l a s e r   l i g h t   d r i v e s   t h e  
o p t i c a l   t r a n s i t i o n  from  the F-4 ground s ta te  aga in  
u n t i l  no  atoms a r e   l e f t   i n  t h i s  s t a t e .  The r e s u l t  
is a n   i n c r n a s e   i n   t h e   p o p u l a t i o n   d i f f e r e n c e  
between  the 2S1/21F,mF> = 14,0> and [3,0> magnetic 
s u b l e v e l s .   F i g u r e  2 is a s c h e m a t i c   r e p r e s e n t a -  
t i o n  of t h i s   o p t i c a l  pumping  method,  where  Laser 1 
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is t h e  pump l a s e r .   V i r t u a l l y   c o m p l e t e   o p t i c a l  
pumping  of t h e  ces ium  occurs ,   wi th  95 to 995 of  
the   ces ium  a toms  p laced   in to  t h e  F=3  ground s t a t e .  
T h i s   r e s u l t s   i n   a p p r o x i m a t e l y  22s of   the  a toms  in  
t h e  [ F , m F >  = ( 3 , 0 >   s t a t e ,   a s   o p p o s e d   t o   a b o u t  7% 
f o r   t r a d i t i o n a l   m a g n e t i c   s t a t e   s e l e c t i o n .   I n  
a d d i t i o n ,   a l l   v e l o c i t y   c l a s s e s   a r e   i n c l u d e d ,  
i n s t ead   o f   t he  8 t o  107 common f o r   m a g n e t i c   s t a t e  
s e l e c t i o n .  

C 
Own 

Figure  2 .  Schemat ic   o f   an   op t ica l ly  
beam c l o c k .  

More complete pumping i n t o   t h e  
p o s s i b l e   i f  two l a s e r s   a r e   u s e d   f o r  
pumping. C71 One l a s e r  may bo tuned 

I 
t 

pumped ces  i u a  

is 3 , 0 >  s t a t e  
h e  o p t i z a l  

. .  t o   t h e  ' S , / , ,  
F=3 c) 'P2,-,, F ' = 3   t r a n s i t i o n   u s i n g   n - p o l a r i z a t l o n .  
This   pum$kLall   magnet ic   sublevels   of  t h e  F=3 
g r o u n d   s t a t e  HFS i n t o   t h e  F=ll HFS, wi th   t he  
excep t ion   o f   t he  mF=O s u b l e v e l .  A second laser, 
t u n e d   t o   t h e  2 S , / 3 ,  F-4 c) 2P F ' = 3   t r a n s i t i o n  
pumps atoms  back  Into  the F = j  HFS. A f t e r  many 
c y c l e s   o f   t h i s   p r o c e s s ,  most  atoms  should reside 
in   the   F=3,  m F = O  s u b l e v e l .   E x p e r i m e n t a l   v e r i f i c a -  
t i o n   f o r   t h i s   p r o c e s s   h a s  been  reported.  [5 ,8]  

Op t i ca l   De tec t ion  

I n   o r d e r   t o   d e t e c t   t h e  number of  cesium ,atoms 
which made a t r a n s i t i o n  from  the F=3  to the  F=4  
ground s t a t e   h y p e r f i n e   l e v e l s   a f t e r   t h e   a p p l i c e -  
t ion   o f   the   microwave   s igna l   (F igure  2), t h e  same 
l a s e r   u s e d   f o r   t h e   s i n g l e - l a s e r   o p t i c a l  pumping 
descr ibed   above  may be  a p p l i e d   t o   t h e  downstream 
atoms. The f luorescence   co l lec ted   f rom  the   a toms 
is a d i r e c t   m e a s u r e   o f   t h e  number of  atoms  which 
hsve made the   mic rowave   t r ans i t i on .   In  t h i s  c a s e ,  
approximate ly  two photons per atom a r e   e m i t t e d ,  
p l a c i n g   s e v e r  demands  on t h e   c o l l e c t i o n   e f f i c i e n c y  
a n d   i n p u t   n o i s e   s p e c i f i c a t i o n s  of t h e   d e t e c t i o n  
o p t i c s .  An a l t e r n a t i v e   a p p r o a c h  is t o   u s e   a n o t h e r  
laser t u n e d   t o   t h e  2S1/2.  F-4 e 2P3/2 ,  F=5 
t r a n s i t i o n .  With t h i s   t r a n s i t i o n ,   a t o m l c  
s e l e c t i o n  rules r e q u i r e   t h e   e x c i t e d   a t o m s   t o   d e c a y  
back t o   t h e  F=4 l eve l ,   where   t hey  may i n t e r a c t  
a g a i n   w i t h   t h e   l a s e r   l i g h t .   S i n c e  more than  100 
photons  can be emitted per a t o m ,   t h e   c o l l e c t i o n  
op t i c s   need   no t   be  v e r y  e f f i c i e n t ,  and y e t  t h e   n e t  
quantum e f f i c i e n c y  o f   de t ec t ion  will be   e s sen -  
t i a l l y  u n i t y .  

Experiment 

We have   cons t ruc t ed  and p a r t i a l l y   t e s t e d  two 
beam tubes.  U s i n g   t h e   f a b r i c a t i o n   c a p a b i l i t e s   a t  
Frequency  Electronics  and  making maximum use of  
s t a n d a r d   p a r t s  and  geometries i t  is  p o s s i b l e   t o  
b u i l d  s m a l l ,  simple, dedicated  tubes  in   which a l l  
the   geomet r i ca l   pa rame te r s  w e  f i x e d .  T h i s  

a r rangement   has   the   advantage   th3 t  i t s  easy  and 
one  does  not   subsequent ly   have  problems  control-  
l i n g  and a d j u s t i n g  a l a r g e  number of   parameters .  
However, i t  has   t he   d i sadvan tage   t ha t  is h a r d   t o  
go back   in to   an   a l l   welded   package   and   cor rec t   the  
i n e v i t a b l e   d e s i g n  and   assembly   e r rors .  

The f i r s t   d e v i c e  was a minimum m o d i f i c a t i o n  
on  an ex is t ing   commerc ia l  beam tube  and is 
s c h e m a t i c a l l y  shown i n   f i g u r e  3. The "At '  and "B" 
magnets ,   ho t  wire i o n i z e r ,   e l e c t r o n   m u l t i p l i c r  and 
vac- ion pump were   omi t ted   in   cons t ruc t ion .  
I n s t e a d  vacuum f langes   were   added   a t   bo th   ends   for  
t h e   a d d i t i o n  of test  o v e n s ,   i n   t h e  "A" and "B" 
r e g i o n s   f o r   t h e   a d d i t i o n   o f   t h e   o p t i c a l   p u n p i n g  
a n d   d e t e c t i n g   o p t i c s  and i n  place  of   the  vac- ion 
pump so 3 l a rge   vacuux  pumping s t a t i o n  c o u l d  be 
f i t t e d   t o   f a c i l i t a t e   r e p e a t e d   o p e n i n g s   o f  t h e  
system.  The  nagneti: :   shields,   c-field  and Ramsey 
cavi ty   remained  unchanged  f rom  the  s tandard 
commercial  tube.  The  ovens  used on t h i s   d e v i c e  
were  of   the  ideal  " d a r k  w a l l "   t y p e   ( s e c   t h e  3cconl- 
panying  paper on r e c i r c u l a t i n g   o v e n s ) .  The  ovens 
were  separated  f rom  the beam tube by g a t e   v a l v e s  
which  could be c l o s e d  when t h c  beam tube  system 
was o p e n e d .   T h e   f l u o r e s c e n c e   c o l l e c t i o n   o p t i c s  
were a combin?tion  of a s p h e r i c a l   m i r r o r  and  an 
a sphe r i c   l ens   fo l lowed  by a r e l a y   l e n s  ,which 
r e focused   t he   f l uo rescence   on to  a photodiode 
mounted o u t s i d e   t h e  vacuum envelope .   The   overa l l  
c o l l e c t i o n - d e t e c t i o n   e f f i c i e r ? c y  was about  55 .  

F igure  3 .  Schematic   of  OPCS-1. 

The s e c o n d   u n i t   d i f f e r e d  more r a d i c a l l y   f r o m  
a conven t iona l   s t anda rd  a s  shown i n   f i g u r e  h .  The 
"c - f i e ld"   and   t he   magne t i c   sh i e lds  were  extended 
t o   i n c l u d e  t h e  e n t i r e   l e n g t h   o f   t h e   d e v i c e  i n  an 
a t tempt   to   cont ro l   magnet ic   f ie ld   g rad ien t   induced  
t r a n s i t i o n s   ( M a j o r m a   t r a n s i t i o n s ) .  The 
f l u o r e s c e n c e   c o l l e c t i o n   o p t i c s   i n c l u d e d  a 
s p h e r i c a l  mirror s e g m e n t   f a c i n g   a n   e l l i p t i c a l  
mirror  which d i r e c t l y  imaged t h e   f l u o r e s c e n c ?   o n t o  
a l a r g e   a r e a   p h o t o   d i o d e  mounted o u t s i d e  th:: 
vacuum.  The o v e r a l l   c o l l e c t i o n - d e t e c t i o n  
e f f i c i e n c y  was about  35;. As i n  t h e  f i r s t   u n i t ,  
ovens   were   f i t t ed   t o   bo th   ends .  However, u n l i k e  
t h e   f i r s t   u n i t ,   t h e   o v e n s  were  of t h e  s t a n d a r d  
p roduc t ion   t ype   and   t he   t o t a l   dev ice   ha rd   s ea l ed  
with no  vacuum f l a n g e s .  

n n 

Figure   4 .   Schemat ic   o f  OPCS-2. 
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W" h?ve c:!llud t h e s e  two u n i t s  OPCS-1 and 
O?CS-,? fo r   "op t i c3 l ly   punpcc  Zesium s t ?nd? rd"  
l lunbers 1 q n d  Z. A th i rd   d t :v lce  is u n d e r  
c o n s t r u c t i o n  which w i l l  n o t   b e   f u n c t i o n a l l y  
d i f f ? ren t   f rom 3PCS-2 excep t   i n  some of i t s  
a b i l i t i c s  t.o gPne:-ate  and  study "I;.joran.s 
t r a n s i t i o n s .  I t  will, howevpr,   solve some o p t i c a l  
p roblems  assoc i? . ted   wi th   the  h s v !  seal technology 
used on OPCS-? .as well 3s e?lploying a s u p e r i o r  
magnet ic   sh ie ld ing   package .  

The lsscrs used were o f   t h r   " c h a n n c l   s t r i p e  
p l a n e r "  (CSP) t ype  with s imple   c l eaved   f ace t  
c a v i t i e s .  However. in   th i s   form  th-y   p roved  
sonewhst mode u n s t l b l e   a n d   e x c e s s i v e l y   s e n s i t i v e  
to   f eedback  fro!? o t h e r   o p t i - a 1   e l c m z n t s   i n   t h e  
expcrimcnt .  T h s  s o l u t i o n  Lo t h i s  w-1s t h e   u s e   o f  a 
f l a t  mirror l o c a t e d  as close t o  t h e   b a c k   f a c e t   o f  
t h e  l?ser a s  t h e  heat sirlk would a l l o w   ( a S o u t  2 
mm) and  rnountcd on t h e   p i e z o - e l e c t r i c   t r a n s d u  r 
( P Z T ) .  T h i s   f e d  b?ck enough l i g h t   ( a b o u t  10-''of 
t he   b sck   f ace :   emis s ion )   t o   fo rce  mode c o n t r o l .  
C h a n e i n g   t h e   d r i v e   v o l t a g e  t o  t h e  PZT caused mode 
char,gcs  rlbout  every 100 V Ki th   b ro3d   r ag ions   o f  
mode s t n b i l i t y  i n  betw-en. 'aben fo1lo;lfd by  a 
Far<:day i s o l a t o r   w i t h  :!bout 30 ,l3 o f   i s o l a t i o n ,  
t h i s  laser system  ?roved mod? s t a b l e  for 
i n d ( : f i n i t e   p e r i o d s .  The l a s e r   s y s t e m   t o g e t h e r  
wit3 i t s  c o l l i m a t i n g   o b j e c t i v e  am3 mode control 
mirror x ~ s  t e n p r r a t u r e   c o n t r o l l e d .  

The  fri.qu?ncy of t h e  1 3 s e r  i e s  lockea  by a 
two l e v e l   s e r v o  Lo t h e   o p t i c a l   r e s o n 3 n 2 e   o f  t h e  
cesium b e a n  i t s - l f .  Tk,? 13ser d r i v e   c u r r e n t  w s  
modulatzci a t   s e v - r a l   h u n d r e d   h e r t z .  The r f s u l t i n E  
C!! probu2t2.1 'm it? on t h e   f l u o r e s c e n c e  from t h e  
3tomic beam. Zynchronous   de t ec t ion   t hon   r e su l t ed  
i n  I n  e r r o r  sizn-11 whlch when i n t e g r a t e d  W A S  used 
t o   c o r r e c t   t h e  laser d r i v e   c l ; r r ? n t .   N i t h  a cross 
over   o f  some 1C sccor,ris, t h i s  error s i g n a l  w?s 
a l s o  used t o   z o n t r o l  t h c  t empepk tu re   o f   t he   l a se r  
and  hence  keep the dr ive   cu r ren t   cence red   ?bou t  'i 

s p e c i f i e d   v a l u e .   I t   a p p e a r e d   s u b s e q u e n t l y ,  t h a t  
t h r o u g h   s l i g h t   . < l i ~ , n m - n t   e r r o r s  or  r e s i d u a l  f i r s t  
order  D o p p l e r   s h i f t   t h P  t.wo l a so r s   cou ld   be   l ocked  
t o  s l i g h t l y   d i f f e r . ? n t   v e l o c i t y   g r o u p s   o f   t h e  bean; 
a t o m  and   hence   i n t r cduce   an   enhanced   s ens i t i v i ty  
t o  l aser  f rnquency   no i se   t ha t   deg r sded   t he   c lock  
s h o r :   t e r m   s t z b i l i t y .  T h e  s o l u t i o n  to t h i s  was to 
modulat-?  the pun:, ?nd d c t c - t i o n   l a s e r s   a t  
d i f f e r e n t ,   f r e q u z n - i e s  and dn tec t   bo th   modu la t ions  
i n   t h e   f l u o r e s c e n c e   e m i t t e d  from t h e   d e t e c t i o n  
r e g i o n .   T h 3 t   i s ,   j u s t   a s   w i t h   t h e  microwave  servo 
system, modu1s:ion o f   t h e  up strelm r f s o n z n c e  
produces 3 modul3teb  ?opul?tion  which  shows up at 
the down stream d e t e c t o r .  

R e s u l t s  

A l l  of t h e  r e s u l t s   m p o r t c d   h e r e   9 a v l   b e e n  
ob ta incd  u s i n g  a s i n g l e   l a s e r   f o r   s t a t e   p r e p a r a -  
t i o n .  The a e t o c t i o c  ?as 3lw?ys involved t h e  use  
of t h e  F=ll -t F = 5   c y c l i n g   t r a n s i t i o n .  In t h i s  
c a s e ,  t,he s l o w s r   a t o m s   c o n t r i b u t e  more s t r o n g l y  to 
t h e   o b s e r v e d   s i g n a l   b y   v i r t u e   o f   t h e i r  greater 
i n t e r , ? c t i o n   t i m e   w i t h   t h e   d e t e c t i o n   l a s e r .  The 
r e su l t  is s l i z h t l y  narrow?d  Rlinssy  resonancc 
f ron   t ha t   wh ich  would b e  produced by a pu re ly  
ef?usivc: b a r ,  ( see  F igures  5 and  6 ) .  Th?t is ,  D 

p u r e l y   e f f u s i v e  beam waul6 L?zve 3 v e l o c i t y  
d i s t r i b u t i o n   e i v e r :  by 

'.!here '1 = J?kT/m.  However, when d e t e c t e d   v i a  an 
o p t i c a l   c y c l i n g   t r a n s i t i o n ,   t h e   e f f e c t i v c   v e l o c i t y  
p r o f i l e   h a s  the form 

F igur s  5 .  The  observed Ramsey r e s o m n c e   f i t  by 3 

t h c o r e t i c a l   l i n e   s h a p e  fo r  a f u l l  
t h c r r n n l   v e l o c i t y   d i s t r i b u t i o n .  

7 -  

-20.0 -15.0 -10.0 -5.0 0.0 5.0 10.0 15.0 20.0 

Microwaw Frequency (U -9 192 631.77 kHz) 

Figure  5 .  The  observed Ramsey resonance f i t  l ~ y  s 
t h e r m 1   d i s t r i b u t i o n   w e i g h t e d  by v . 

9 0 t h  OPCS-1 and -2 have  bzen  locked  up  2nd 
run a s  c locks.  They   bo th   exhiSi t   shor t  term 
s t a b i l i t y  o ( T )  5 1 x 10-"~-"~ for 3 < T < lo4 
S .  A t  l o n g e r   t i m e s   t h e   f r e q u e n c y   s t a b i l i t y   o f  
OPCS-1 was doniinsted by e n v i r o n m e n t a l   e f f e c t s  
which were n o t   c a r e f u l l y   c o n t r o l l e d  in t h i s  
dev ice .  The longe r  term behav io r  of OPCS-2 h a s  
no t   been   s tud ied .  

Y 

I n  CIPCS-1 t h e  s h o r t   t e r n   s t a b i l i t y  w:is 
l i m i t e d  by r r s i d u a l  FM n o i s e   i n   t h e   d i o d e   l a s e r s .  
Thc   h?rd   sea l  window technology  used  in  OPCS-2 
r e s u l t e d  i n  3 h i g h   l e v e l   o f   s c a t t e r e d  laser l i g h t  
-It t h e   f l u o r e s c e n c e   d e t e c t o r  and t h u s  r e q u i r e d  tL?e 
u s ?  o f  l aser  poxers  well b c l c u   o p t i c a l   s a t u r a t i o n .  
Also ,  t,h? l c i se rs  used on t h i s   d e v i c e   h a p p e n e d   t o  
t u n e  t o   t h e   c e s i u m   r e s o n a n c ?  a t  r e l a t i v e l y  low 
pown- l e v c l s   x h e r e   t h c  l a se r  l i newid th  and  FY 
n o i s e  ? re  compara t ive ly   worse   than  3t h i g h e r  power 
l e v e l s  [91. T h e   r e s u l t  'was a i n i t i a l   o p e r a t i  g 
performance a y ( T )  > 10 -10 f o r  3 < < 10' S .  

When 3 dye l a se r  wi th  i t s  supe r io r   l i newid th   and  
F!,: n o i s e   Z h a r a c t c r i s t i c s  was s u b s t i t u t e d   f o r  t h e  
d iode  l a s e r s ,  t h e  s t a b i l i t y  of  a ( T )  < lo-'' T-"~ 
quoted  nbove was obtained.   Tne FM n o i s e   o f   t h e  
d iodc  l a s c r s  wns then  reuuced by s e r v o   c o n t r o l   t o  
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s t a b l e   r e f q r e n - e   c a v i t i e s  2 n d  t h e  o (1) < 1C-l’ 
7- l”   performan-e  was  again  obtained.  I n  t h i s  
c a s e   t h e   s t ? b i l i t y  was l i m i t e d  by shOt n o i s e  of 
t h e   s c a t t e r e d   l i g h t .  

Y 

I n  3n ? t t e n p t  t o  show t h e   p o t s n t i a l   f o r  
s u s t a i n e d   o p e r a t i o n ,  GPCS-l was r u n  u n i n t e r r u p t e d  
fo -  45 d?y  pprioc.  41so 3 scrirch W.IS m;~dc, f o r  
f r l q u c n c y   o f f s e t s   i n  3?CS-1 dun t o  t h e   o p t i c a l  
pumping  and  d?tection process i t s e l f .  No 
frequcxn-y s h i f t s   a t  t he  1c- l ’   l eve l  wtlre found. 
T e s t s   i n c l u d e d   c h w g i n g   b o t h   t h e  pnnp  and 
d e t e c t i o n   l a s e r   i n t e n s i t i e s ,   c h a n g i n g   t h e   s p e c i f i c  
o p t i c a l   t r a n s i t i o n   u s p d   f o r   l o c k i n g   t h e   l a s e r  
f r equency ,   and   v3 ry ing   t he   l a se r   i n j ec t ion  
c u r r e n t ,   m o d u l a t i o n   f r e q u l n c y  and  amplitude. 
T h e s e   r e s u l t s  m a k e  t h e   p o s s i b i l i t y   o f   f r e q u e n c y  
s h i f t s  due t o   l i g h t   s h i f t s  ( a c  S t a r k   s h i f t 2  or 
m o d u l a t i o n   c r o s s - t a l k   u n l i k e l y   a t  “ne 10-l- l e v e l .  

p r e d i c t e d  i n  t he   ac sompmying  p a p r r  on l i g h t   s h i f t  
by J .  S h i r l e y .  

T h i s  is c o n s i s t e n t   w i t h   t h e   s h i f t   o f  3 x 1 O - l ‘  

Conclusions 

T h s  o p t i c a l   s t a t e   p r e p a r a t i o n   p r o c e s s   t r e a t s  
a l l   v e l o c i t y   c l a s s ? s   e q u a l l y .  ).S a r e s u l t ,   t h e  
mean v e l o c i t y  of nn o p t i c a l l y   s e l e c t e d  beam is 
a b o u t   t w i c e   t h a t   o f  a conven t ion? l  rr..lgnetic s t a t e  
s e l e c t e d  beam. For   the same Ramsey c a v i t y ,   t h i s  
r e s u l t s   i n  ‘I microwqve l inewidth   which  is abou t  
twice a s  wide.   This 1s t h e   c a s e   f o r   t h e   d e v i c e s  
s t u d i e d  tere.  The   pa ren t   t ube   has  a l i n e w i d t h   o f  
3bout 900 Hz w h i l e   t h e   o p t i c a l l y  pumped d e r i v a -  
t i o n s   o f  i t  used  here   have a l i n e w i d t h   o f  1 . 3  KHz. 
I n  s p i t e   o f   t h i s  l o s s  o f  l i n e  Q ,  t h e   i n c r e a s e d  
u t i l i z a t i o n   o f   a t o m i c  b-am f l u x   r e s u l t e d   i n  3 

subs tan t ia l   overa l l   per formance   improvement .   The  
c o n v e n t i o n a l   p a r e n t   t u b e   h a s  a s h o r t  term 
s t a b i l i t y   o f  o ( T I  = 3.5  x ~O-’’T-’’‘ .  I n  t h e  
case   o f  CPCS-2’ue used   t he  same oven and beam f l o x  
and  achieved E. o y ( ~ )  < 1 x However, 
we a r e  s t i l l  be ing   l i rn i ted  by  phenomena o t h e r   t h a n  
t h e  beam s h o t   n o i s e .  I n  f a c t ,   t h e  limit f o r  
GPCS-2 u n d e r   t h e   c o n d i t i o n s   t h g t  i t  has  been 
ope ra t ed  is o ( 7 )  = 3 . 5  x 10-l‘ T-”*. Y 

Because   o f   exper imenta l   p roblems  wi th   the  two 
d e v i c e s   t e s t e d  so f a r ,  we h a v e   n o t   s t u d i e d   e i t h e r  
t h e  long term s t a b i l i t y  o r  t h e  e f fec ts  on Xa jo rans  
t r a n s i t i o n   e x p e c t e d  from t h e   c h a n g e  i n  m g n e t i c  
s h i e l d i n g   d e s i g n   u s e d   i n  3PCS-2. The  lack  of   long 
term s t a b i l i t y   h a s   p r e v e n t e d  a se r ious  t e s t  o f   t h e  
t h e o r e t i c s l l y   p r e d i c t e d   l i g h t   s h i f t   b u t  we have 
shown t h e   l i g h t   s h i f t  t o  be  below  10-l’ i n  DPCS-1. 
The o p e r a t i o n  of OPCS-1 as a clock for  45 days  
s h o w s   t h a t   t h e r e   a r e  no p r o b l e m s   w i t h   t h e   l a s e r s ,  
a s   o p e r a t e d   h e r e ,   t h a t  would p reven t  long term 
c l o c k   o p e r a t i o n .  
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